Abstract. Bortezomib (BZ), a first line 26S proteasome inhibitor, induces a potent cytocidal effect with caspase-3 activation in multiple myeloma (MM) cell lines. Since IκB· is a substrate of the proteasome, the initial rationale for using BZ in MM has been to inhibit NF-κB. However, BZ rather activated NF-κB activity in U266 cells. BZ induces autophagy as well as endoplasmic reticulum (ER) stress in various cell lines tested. Inhibition of initial autophagosome formation by treatment with either 3-methyladenine or siRNA for LC3B in U266 cells and knockdown of the atg5 gene in a murine embryonic fibroblastic cell line all resulted in attenuation of BZ-induced cell death. In contrast, combined treatment with BZ and bafilomycin A 1 (BAF), which is a specific inhibitor of vacuolar-ATPase and is used as an autophagy inhibitor at the late stage, resulted in synergistic cytotoxicity, compared with that by either BZ or BAF alone. BAF treatment also induced ER stress, but the kinetics of inductions of ER stressrelated genes [e.g. CHOP (GADD153) and GRP78] completely differed between BZ-and BAF-treatments: BZ induced these ER stress markers within 8 h, whereas treatment with BAF required more than 48 h in U266 cells. In order to synchronize ER stress, we pre-treated U266 cells with BAF for 48 h, followed with BZ for 48 h. The sequential treatment with BAF and BZ induced a further enhanced cytotoxicity, compared with the simultaneous combination of BAF and BZ. These data suggest crosstalk among the ubiquitinproteasome system, the autophagy-lysosome system, and ER stress. Controlling these interactions and kinetics appears to have important implications for optimizing clinical cancer treatment including MM-therapy.
Introduction
Multiple myeloma (MM) is an incurable plasma cell neoplasia characterized by the production of large amounts of monoclonal immunoglobulins. Bortezomib (Velcade: BZ) is the first proteasome inhibitor to be approved for treatment of relapsed multiple myeloma (1) (2) (3) (4) . The promising anti-cancer activity by BZ in MM and other malignant cells has further proved that the proteasome is a legitimate target in cancer treatment (1, 3) . It is well known that constitutive nuclear factor (NF)-κB activity in MM cells mediates survival as well as resistance to chemotherapy and radiotherapy, by inducing the expression of anti-apoptotic proteins, adhesion molecules, and autocrine growth factors such as interleukin-6 (1, 4) . Since IκB· is a substrate of the proteasome, the initial rationale for using BZ in MM was to inhibit NF-κB (5, 6) .
Recent reports demonstrated that endoplasmic reticulum (ER) stress in response to BZ is another molecular-based mechanism for BZ-induced cytotoxicity in MM cells and other cancer cells (7, 8) . ER is an organelle found in eukaryotic cells for key functions, such as calcium sequestration, protein translation, folding and maturation. However, ER also has an important role as a sensor for cellular stress: it detects changes in cell homeostasis and responds by triggering signal transduction pathways, known as unfolded protein response (UPR) (9) . Proteins that fail to adopt the correct conformation are retrotranslocated to the cytosol, and they are ubiquitinated and degraded by the 26S proteasome through ER-associated degradation (ERAD). When the amount of unfolded protein exceeds the capacity of the system, the proteins begin to aggregate in the ER, triggering a programmed death pathway, usually via apoptosis by induction of proapoptotic proteins such as CHOP (GADD153) (9, 10) . Therefore, proteasome inhibition appears to prevent the clearance of unfolded proteins through the ERAD system, which may result in ER stressmediated apoptosis. One of the specific biological characteristics of MM is monoclonal immunoglobulin production.
Combined treatment with bortezomib plus bafilomycin A 1 enhances the cytocidal effect and induces endoplasmic reticulum stress in U266 myeloma cells: Crosstalk among proteasome, autophagy-lysosome and ER stress TOMOHIRO Using IgG-secreting human MM cell line JK-6 and murine μH-chain transfected Ag8.H myeloma cells, proteasome inhibitors induce apoptosis preferentially in cells with a high synthesis rate of immunoglobulin associated with the accumulation of unfolded protein in ER (7) . These data appear to explain the preferential therapeutic effect of BZ in MM, compared with other types of cancer, and suggest that ERmediated apoptosis is involved in the cytotoxic effect of BZ in MM cells (7, 8) .
Besides the ubiquitin-proteasome system, autophagy is another intracellular degradation system that delivers cytoplasmic constitutions to the lysosome. Intracellular proteins and organelles including ER are engulfed in double-membrane vesicles called autophagosomes. The autophagosomes and lysosomes subsequently fuse to form autolysosomes in which the cargo of the autophagosome is degraded by lysosomal hydrolases (11, 12) . Autophagy is a process by which cells can adapt their metabolism to starvation nutrients or is a typical consequence of loss of growth factor signals, allowing cells to evade programmed cell death. However, in addition to its role in the starvation process, accumulating evidence suggests that autophagy is closely related to intracellular quality control of proteins and organelles, immune response, tumor suppression, anti-aging, and cell death (11, 12) . Recent reports demonstrated the selective degradation pathway of ubiquitinated protein through autophagy via p62 and related protein NBR1, which are docking proteins having both a microtubuleassociated protein 1 light chain 3 (LC3)-interacting region and a ubiquitin-associated (UBA) domain. LC3 is essential for autophagy and is associated with autophagosome membranes after processing. Therefore, by binding ubiquitin via their C-terminal UBA domains, p62-mediated degradation of ubiquitinated cargo occurs by selective autophagy. Thus, the two intracellular degradation systems are directly linked (13) (14) (15) . Additionally, ER-stress inducers (e.g., thapsigargin and tunicamycin) induce autophagy, indicating the connection of UPR to autophagy (16, 17) .
The previous data suggest linkage among the ubiquitinproteasome system, the autophagy-lysosome system, and ER stress (10, 18) . Therefore, it is highly speculated that simultaneous inhibition of both degradation system may enhance ER stress-medicated apoptosis. We investigated the optimal conditions for inducing cell death in MM cell lines.
Materials and methods
Cell lines and reagents. For this study, U266 and IM-9 (MM cell lines), HL-60 and U937 [acute myeloid leukemia (AML) cell lines], A549 (a lung cancer cell line), and COLO201 (a colon cancer cell line) were obtained from the American Type Culture Collection (Rockville, MD) and were maintained in continuous culture in RPMI-1640 medium (Gibco, Grand Island, NY) supplemented with 10% FBS (Gibco), 2 mM Lglutamine, penicillin (50 U/ml), and streptomycin (100 μg/ml) (Gibco) in a humidified incubator containing 5% CO 2 and 95% air at 37˚C.
BZ was purchased from Toronto Research Chemicals Inc. (North York, Ontario, Canada), bafilomycin A 1 and tunicamycin were purchased from Sigma-Aldrich (St. Louis, MO), 3-methyladenine (3-MA) was purchased from MP Biomedicals (Solon, OH), and MG-132 was purchased from Calbiochem (Darmstadt, Germany).
Assessment of viable cell number and morphology in cultured cells. The viable cell number was assessed by CellTiter Blue, a cell viability assay kit (Promega Co., Madison, WI), with fluorescence measurements at 570 nm for excitation and 590 nm for fluorescence emission. For morphologic assessment, the cell suspensions were sedimented and fixed on slide glasses using a Shandon Cytospin II (Shandon, Pittsburgh, PA). Preparations were then stained with May-Grünwald-Giemsa, and examined using a degital microscope BZ-9000 (Keyence Co., Osaka, Japan).
Immunoblotting. Immunoblotting was performed as previously described (19) . In short, cells were lysed with RIPA Lysis Buffer (Santa Cruz Biotechnology Inc., Santa Cruz, CA) containing 1 mM PMSF, 0.15 U/ml aprotinin, 10 mM EDTA, 10 mg/ml sodium fluoride, and 2 mM sodium orthovanadate. Cellular proteins were quantified using a DC Protein Assay kit of Bio-Rad (Richmond, CA). Equal amounts of proteins were loaded onto the gels, separated by SDS-PAGE and trans- Table I . Sequence of primers and annealing conditions for real-time PCR. 
ferred onto Immobilone-P membrane (Millipore Corp., Bedford, MA). The membranes were probed with first antibodies (Abs) such as anti-microtubule-associated protein 1 light chain 3 (LC3) B Ab (Novus Biologicals, Inc., Littleton, CO), anti-Atg5 Ab (Cosmo Bio Co., Ltd., Tokyo, Japan), anti-cleaved caspase-3 (Asp175) Ab, anti-phospho-JNK (Thr183/Tyr185) Ab, and anti-phospho-eIF2· (Ser51) Ab, (Cell Signaling Technology, Danvers, MA), and anti-p62 (sequestosome-1) mAb, anti-CHOP (GADD153) Ab, anti-GAPDH mAb, and anti-ß-actin mAb (Santa Cruz). Immunoreactive proteins were detected with horseradish peroxidaseconjugated second Abs and an enhanced chemiluminescence reagent (ECL) (Millipore). Densitometry was performed using a Molecular Imager, ChemiDoc XRS system (Bio-Rad).
Electron microscopy. Cells were treated with or without BZ, and fixed with a solution containing 3% glutaraldehyde plus 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.3) for 1 h. The samples were further post-fixed in 1% OsO 4 in the same buffer for 1 h, and subjected to electron microscopic analysis using an electron microscope H-7000 (Hitachi, Tokyo, Japan) as described previously (19) .
Subcellular localization of NF-κB and IκB·. Subcellular localization of NF-κB/IκB· as well as the phosphorylation state of IκB· was assessed as previously described (20) . After treatment with/without BZ, cells were harvested and lysed in 0.6% NP-40 Lysis Buffer A, which contained 10 mM HEPES (pH 7.9), 10 mM KCL, 0.2 mM EDTA, 1 mM dithiothreitol, 0.5 mM p-(amidinophenyl)methanesulfonyl fluoride (p-APMSF), for 30 min. The lysates were centrifuged at 250 x g for 10 min. The supernatant was then collected as the cytoplasmic fraction. The pellets containing the nuclei were washed in Buffer A without NP-40 and re-suspended in 50 μl of Nuclear Lysis Buffer containing 20 mM HEPES (pH 7.9), 0.4 M NaCl, 2 mM EDTA, 1 mM dithiothreitol and 1 mM PMSF, incubated for 30 min at 4˚C, and centrifuged at 20,000 x g for 20 min. The supernatants were used as nuclear fraction. Lysates containing 100 μg protein were subjected to SDS-PAGE and then transferred to an Immobilon-P membrane (Millipore), and immunoblotted with primary antibodies (e.g., anti-NF-κB p65 Ab (Santa Cruz), anti-IκB· Ab, and anti-phospho-IκB· (Ser32/36) Ab (Cell Signaling).
Gene expression analysis. Total RNA was isolated from cell pellets using Isogen (Nippon Gene, Tokyo) and genomic DNA was removed using RQ1 RNase-Free DNase (Promega) at 37˚C for 30 min, followed by extraction with phenol chloroform and ethanol precipitation. Reverse-transcription using a PrimeScript RT Master Mix (Takara Bio Inc. Ohtsu, Japan) was performed according to the manufacturer's instructions. Real-time PCR was performed on 3 ng of cDNA using validated SYBR Green gene expression assays for human ATF6, IRE1, PERK, GRP78, ATF4, CHOP, GADD34, BIM, and BCL-2 in combination with SYBR Premix Ex Taq II (Takara Bio Inc.). All primers used in this study are listed in Table I . Quantitative real-time PCR was performed in duplicates in a Thermal Cycler Dice Real Time System TP800 (Takara Bio Inc.). The data were analyzed using Thermal Cycler Dice Real Time System Software (Takara Bio Inc.), and the comparative C t method (2ΔΔCt) was used for relative quantification of gene expression. The data of real-time PCR products were standardized to GAPDH as an internal control. To confirm the specific amplification of target genes, each gene product after real-time PCR was further separated by 1.5% agarose gel to detect a single band at the theoretical product size, and the dissociation curves were analyzed to detect a single peak.
Transfection of LC3B siRNA. For the gene silence of LC3B in U266 cells, LC3B siRNA and a control scramble siRNA, whose sequences are described below, were diluted to a finial concentration of 20 nM in Opti-Mem I (Invitrogen, Paisley, UK), and transfection was performed with cells at 50% confluency using Oligofectamine transfection reagent (Invitrogen) according to the manufacturer's instruction. LC3B sense: CAAUCUCAGAGGUGUAUGTT; LC3B antisense: UCAUACACCUCUGAGAUUTT; control sense: GACUACUGGUCGUUGAACUTT; control antisense: AGUUCAACGACCAGUAGUCTT.
Tet-off system with atg5 -/-mouse embryonic fibroblasts (MEFs).
The m5-7 cell line, the atg5 tet-off MEF system, was a kind gift from Dr Noboru Mizushima (Tokyo Medical and Dental University School of Health Science, Tokyo, Japan). Culture conditions for continuous maintenance and for knock-down of the atg5 gene to inhibit autophagy was previously described in detail (21) .
Statistical analysis. All data are given as the mean ± SD. Statistical analysis was performed by using Mann-Whitney's U test (two-tailed). The criterion for statistical significance was taken as p<0.05. To analyze synergism, the combination index (CI) for each treatment was determined using the method developed by Chou (22) .
Results

BZ induces autophagy and apoptosis in MM cells. BZ inhibited
cell growth in all cell lines tested in a dose-dependent manner (Fig. 1A) . BZ has a more potent cytotoxic effect in MM cell lines, U266 and IM-9, than other leukemia/cancer cell lines. After 24 h-treatment with 10 nM BZ, U266 cells, as well as other leukemia cell lines, indicated chromatin condensation and fragmented nuclei, which are typical morphologic features of apoptosis. Cleaved caspase-3 was detected after treatment with BZ for 24 to 48 h, indicating that BZ induces apoptotic cell death (Fig. 1B and C) .
In response to BZ, phosphorylation of IκB· along with a decreased level of cytoplasmic IκB· and increased nuclear NF-κB was observed (Fig. 2) . This result suggests that BZ does not inhibit but rather activates the NF-κB pathway, as recently reported by others (23) .
In addition to chromatin condensation and nuclear fragmentations, cytosolic debris and vacuoles were also observed in U266 cells (Fig. 1B) . Electron microscopy revealed increased autophagosomes and autolysosomes after 24-h treatment with BZ (Fig. 3A) . LC3 exists in two cellular forms, LC3-I and LC3-II. LC3-I is converted to LC3-II by conjugation to phosphatidylethanolamine during the formation of autophagosomes. Therefore, the amount of LC3-II is a good early marker for the formation of autophagosomes (24) . Immunoblotting demonstrated that BZ treatment induced an increased ratio of LC3B-II to LC3B-I along with a reduction of p62 expression (Fig. 3B ). All these data indicate that BZ induces autophagy, and the increased number of autophagosomes was not due to accumulation of autophagosomes by blocking autophagic flux (24) . It is noteworthy that autophagy induction in response to BZ became prominent after 48-h exposure. In addition, basal LC3B-II conversion without BZ treatment appeared to be kept at a higher level in U266 cells than in other cell lines (Fig. 3B, upper panel) .
To investigate whether autophagy induced by BZ has cytoprotective function or leads to cell death (i.e., autophagic cell death) and also whether inhibition of BZ-induced autophagy enhances ER stress-medicated apoptosis, we treated U266 cells with BZ in the presence or absence of 3-methyladenine (3-MA), an inhibitor of class III phosphatidylinositol-3 kinase (PI3K) for inhibiting autophagosome formation (25) . Unexpectedly, cell growth inhibition in response to BZ was attenuated in the presence of 3-MA at 5 to 10 nM BZ (Fig. 4A) . In addition, suppression of autophagy by siRNA mediated knockdown of LC3B in U266 cells as well as complete inhibition by knockout of atg5 gene in the tet-off atg5 -/-MEF system attenuated BZ-induced cytotoxicity ( Fig. 4B and C) . These data suggest that autophagy induction in response to BZ leads to cell death but not cytoprotection.
Combined treatment with BZ and bafilomycin A 1 synergizes cytotoxicity in U266 cells. Since treatment with 3-MA, siRNA for LC3B, and knockout of atg5 gene all lead to suppression of early events of autophagosome formation, we next investigated the effect of bafilomycin A 1 (BAF). BAF is a strong selective inhibitor of vacuolar H(+)-ATPase (V-ATPase) in vitro and is used to inhibit autophagy at the late stage (26) . Treatment with BAF alone resulted in weak cell growth inhibition at concentrations between 1 and 100 nM (Fig. 5A) . However, combined treatment with BAF plus BZ synergistically enhanced cytotoxicity in U266 cells (Fig. 5B) . The combination of MG-132, another proteasome inhibitor, with BAF resulted in pronounced cytotoxicity compared with cells treated with either MG-132 or BAF alone (data not shown). Cytotoxicity of BZ with/without BAF was weak with 24-h exposure, but became prominent after 48-h exposure (Fig. 5B) .
BAF induces ER stress and JNK activation but with kinetics different from that by BZ-treatment.
We next examined the change of expressions of ER stress-related genes including ATF6, PERK and IRE1, and their downstream molecules [e.g., GRP78 (Bip), CHOP (GADD153), and BCL-2] after treatment with either BZ and/or BAF in U266 cells. GADD34 was up-regulated whereas BCL-2 was down-regulated after treatment with BZ, but not with BAF. Prominent amplifications of GRP78 and CHOP mRNAs were observed after treatment with BZ and/or BAF (Table II) . However, the kinetics of CHOP/GRP78 were completely different between BZ-and BAF-treatments. GRP78 and CHOP were induced within 8 h after treatment with BZ and a peak level was detected at 24 h-exposure. This gene profile appears to be similar to that produced by tunicamycin, a well-known potent ER stress inducer that blocks the synthesis of all N-linked glycoproteins (N-glycans) (Fig. 6A) . In contrast, BAF induced GRP78/CHOP after more than 24 h-exposure. Induction of GRP78 and CHOP mRNAs was rather pronounced after 48-h treatment with BAF, compared with that induced by BZ. Phosphorylation of JNK (Thr183/Tyr185) was detected in response to either BZ or BAF treatment (Fig. 6B) . Kinetics of pro-apoptotic JNK activation matched well with those of CHOP/GRP78 induction. Interestingly, combined treatment with BZ and BAF resulted in an ER stress pattern similar to that with BZ treatment. JNK activation at 36 h appears to be enhanced, compared with either BZ or BAF alone. PERK kinase mediates the initial stress response by phosphorylation of the · subunit of the eukaryotic initiation factor 2 (eIF2) to attenuate protein synthesis (9, 18) . Phosphorylation of eIF2· in response to BAF was detected at 24 h and persisted during 48-h exposure, while no eIF2· phosphorylation was detectable during 48 h-treatment with BZ alone (Fig. 6B) . With combined treatment using BZ plus BAF, almost no eIF2· phosphorylation was detected. All these data demonstrate that BAF, a late stage autophagy inhibitor, induces ER stress as well as BZ. However, the quality of ER stress including kinetics appears to differ between these two reagents.
Sequential exposure to BAF and BZ induces potent cytotoxicity in U266 cells. The profile of ER stress induction in response to BZ and BAF suggests that BAF-treatment requires more time for loading ER stress for inducing pro-apoptotic CHOP and JNK phosphorylation. To synchronize ER stress for optimal induction for ER stress-based cytotoxicity, we next attempted sequential exposure to BAF and BZ. U266 cells were pretreated with 10 nM of BAF for 48 h; then BAF was washed out; and subsequent treatment was performed with various concentrations of BZ for 48 h. Pre-treatment with BAF enhanced BZ-induced cytotoxicity, compared with that in U266 cells without pre-treatment with BAF (Fig. 7) . In addition, cytotoxicity was more pronounced than with simultaneous combination of BAF and BZ for 48 h.
Discussion
In the present study we demonstrated that a proteasome inhibitor, BZ induces autophagy as well as ER stress in MM cells (Fig. 3 and Table II ). In addition, an autophagy inhibitor, BAF also induces ER stress along with upregulation of proapoptotic CHOP expression (Table II and Fig. 6A) . The direct linkage was demonstrated between the autophagylysosome system and the ubiquitin-proteasome system via p62 docking protein (14, 15) . On the other hand, accumulating data now indicate that ER stress is a potent trigger of autophagy (27) . Potent ER-stress inducers such as tunicamycin (an inhibitor of N-glycosylation) and thapsigargin (an inhibitor of ER Ca 2+ -ATPase), induce autophagy (16) . In these cases, ER-stress-induced autophagy counterbalances the ER expansion, removes aggregated proteins from ER, and serves a cytoprotective function. Recent reports demonstrated that BZ treatment induced autophagy in the breast cancer MCF-7 cells by a mechanism that involved proteasomal stabilization of ATF4 and ATF4-dependent upregulation of LC3B (28) . ATF4, which is a transcription factor and a component of the PERK pathway, facilitated autophagy through direct binding to a cyclic AMP response element binding site in the LC3B promoter, following upregulation of LC3B and autophagy induction in response to sever hypoxia (29) . Therefore, crosstalk among the ubiquitin-proteasome system, the autophagy-lysosome system, and ER stress was suggested (Fig. 8) . Based on this proposed model, we hypothesized that combined treatment with BZ and an autophagy inhibitor enhances ER-stress medicated cytotoxicity in MM cells.
Against our initial expectation, combinations of BZ with either 3-MA or siRNA for LC3B attenuated BZ-induced cytotoxicity ( Fig. 4A and B) . Furthermore, the complete knockdown of atg5 gene in the tet-off MEF system indicated the suppression of BZ-induced cell death (Fig. 4C) . These data suggest that autophagy induction in response to BZ leads to cell death, but not cytoprotective or cell adaptation. Similar results have been reported by others, demonstrating that combined treatment with BZ and either 3-MA or siRNA for beclin-1 resulted in antagonistic response (30) . However, we still detected synergistic enhancement in cytotoxicity with a combination of BZ and BAF (Fig. 5) . We cannot yet fully explain this discrepancy. BAF is a macrolide antibiotic that was initially characterized for its selective inhibition of VATPase (31) . At nanomole concentrations, BAF disrupts the vesicular proton gradients and ultimately increases the pH of acidic vesicles (31) . This disruption of vesicular acidification by BAF prevents the fusion of autophagosomes with lysosomes, resulting in inhibition of autophagy (31, 32) . Therefore, the completely opposite behavior in BZ-induced cytotoxicity by combination with either 3-MA treatment or LC3B siRNA, which are all involved in inhibiting initial autophagosome formation, and with BAF working to inhibit fusion of Table II . Profiles of ER stress related genes after treatment with BZ and/or BAF in U266 cells. 
U266 cells were treated with either BZ (10 nM) and/or BAF (10 nM) for indicated time period. Gene expression was analyzed by real-time PCR as described in Materials and methods. Expression level was compared with that in untreated control cells. Mean (± SD).
autophagosome and lysosome, might be due to the different inhibition of the stage of the autophagic process. It has been reported that imatinib mesylate, an inhibitor of tyrosine kinase, induced cytotoxicity associated with autophagy in malignant glioma cells. Also, imatinib-induced cytotoxicity was attenuated by inhibiting autophagy at an early stage by 3-MA, while inhibiting autophagy at a late stage by BAF augmented cytotoxicity through increasing apoptosis (33) . Not shown is that complete knockdown of atg5 gene in m5-7 cells resulted in no enhancement of CHOP induction. A recent report demonstrated atg5/atg7-independent autophagosome formation (34) . Therefore, an alternative pathway for autophagosome formation might be involved.
Although the precise biological significance of the stagespecific inhibition of autophagy for modulating cytotoxicity remains unknown we have demonstrated that BAF treatment induces ER stress, as well as pro-apoptotic CHOP and other ER stress markers. However, a difference in the quality of ER stress was observed between BZ-and BAF-treatment. First, BZ at 10 nM induced a series of ER stress markers within 8 h, whereas BAF required 48-h exposure (Table II and Fig. 6A ). This may be because autophagy-lysosomal protein degradation appears to locate in a more distal site than proteasomal protein degradation during accumulating ER stress. Inversely, BZ appears to require more time to induce autophagy than other potent autophagy inducers (Fig. 3B) (35) . Second, as indicated in Fig. 6B , phosphorylation of eIF2· by BAF was detected at 24 h and persisted during 48-h exposure, whereas no eIF2· phosphorylation was detectable during 48-h treatment with BZ alone. It was reported that MM cells surviving BZ-treatment attenuated both eIF2· phosphorylation and CHOP induction (36) . Therefore, combined treatment with salubrinal, which inhibits GADD34-protein phosphatase 1 (PPI) complex, restored eIF2· phosphorylation and CHOP induction, maximizing BZ-induced apoptosis. Thus, strategies capable of sustaining CHOP expression appear to be required for successful eradication of MM cells (36) .
Proteasome inhibitor BZ has been thought to inhibit NF-κB in MM cells via inhibiting ubiquitinated IκB· degradation (4-6). However, the intracellular distribution of NF-κB and IκB· as well as the phosphorylation state of IκB·, suggests that NF-κB is rather activated in response to BZ in U266 cells (Fig. 2 ). This result is also supported by a recent report by Hideshima and colleagues, who demonstrated that BZ activated a canonical NF-κB pathway in MM cell lines and primary cultured MM cells in vitro (23) . Therefore, other molecular-based mechanism(s) leading to cell death, including ER stress, appears to contribute to the Figure 8. Proposed model for crosstalk among the ubiquitin-proteasome system, the autophagy-lysosome system, and ER stress.
therapeutic effect of BZ for MM. Previous reports demonstrated that NF-κB promoted cell survival during ER stress by repressing CHOP expression (37, 38) . The p65 subunit but not p50 subunit of NF-κB was reported to repress CHOP promoter activity (37) . Therefore, repression rather than enhancement of CHOP expression by combined treatment with BZ plus BAF for 48 h may be due to NF-κB activation in response to BZ. It has been reported that combined treatment with BZ and NF-κB inhibitor enhances the cytocidal effect in MM cells by an unknown mechanism (23) . Based on our results indicating the difference in kinetics of ER stress between BZ and BAF, we attempted to synchronize ER stress by sequential exposure to BAF followed by BZ to maximize and sustain ER stress, including CHOP induction. This further enhances cytotoxicity in U266 cells (Fig. 7) . Therefore, controlling the kinetics of the relation among autophagy, proteasome and ER stress appears to have important implications for optimizing cancer treatment, including MMtherapy.
